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ABSTRACT: While hydrogen tunneling at elevated temperatures has, for instance, often been pasthlate:ni-

cal processes, spectroscopic proof is thus far limited to cryogenic conditions, under which therivia} isaeglig-
ble. We report spectroscopic evidence for H-tunneling in the gas phase at temperatures ar860H &P3erved in
the isomerization reaction of a hydroxycarbene into an aldehyde. The charge-tagged carbene was gaitarated in
tandem mass spectrometer by decarboxylation of oxo[4-(trimethylammonio)phenyllacetip@tidollision induced
dissociation. All ion structures involved are characterized by infrared ion spectr@sabgyantum chemical calla-

tions. The charge-tagged phenylhydroxycarbene undergoes 1,2-H-shift to the corresponding aldehyde witfean half
of about 10 s, evidenced by isomer-selective-color (IR-IR) spectroscopy. In contrast, the deuterated (OD) carbene
analogue showenhuch reduced 1,2-D-shift reactivity with an estimated half-lifatdfast 200 seconds under the ex-
perimental conditionsgandprovides clear evidence for hydrogen atom tunneling in the H-isotopologue. This is the first

spectroscopic confirmation of hydrogen atom tunneling governing 1,2-H-shift reactions at non-cri@geeratures
which is of broad significance for a range of (bio)chemical processes, including enzyarafortnations andre

ganocatalysis.

I. INTRODUCTION

Rates and selectivities of chemical reactions areielass
cally defined by energy barriers, but can be significan
ly biased by quantum-mechanical tunnefifigndeed,
hydrogen tunneling is known to play a crucial role in
chemical reactivity at cryogenic temperatures, such as
in astrochemistry, and at room temperature in bioche
istry, organic chemistry, and catalysis. However, the
effect of tunneling processes at room temperature are,
until now, mainly recognized on the basis of kinetic
isotopic effect measuremetifaand direct spectroscop-

ic proof for tunneling control of chemical reactions is
thus far limited to cryo%enic conditions, where thermal
reactivity is negligible:*

From 2008 onwards, Schreiner and Allen et al. have
demonstrated that-ketocarboxylic acids such asygl
oxylic acid, phenylglyoxylic and pyruvic acid, can be
decarboxylated by flash-vacuum pyrolysis to form the

respective hydroxycarbenes. Characterization of the
trapped hydroxycarbenes by infrared (IR) spectroscopy
in an argon matrix at 11 &% in combination with
high-level computations, established that the isemer
zation of hydroxycarbenes to their respectiveeald
hydes and enols, prosds by a tunneling controlled
1,2-hydrogen shift reaction. This conclusion is con-
sistent with the predominant formation of the thermo-
dynamic product through hydrogen tunneling under the
higher kinetic barrier at cryogenic temperatdfes.

In addition O’Hair demonstrated in his extensive
work on the fundamentals of the Pesci decarboxylation
reactiort® that charged carboxylate metal complexes
expelneutral CQ to form metal-ion carbene compie
es upon collision induced dissociation (CID) in the gas
phase of a mass spectrometer (MS). The tandem MS
experiments were conducted at room temperatuee in
linear quadrupole ion trap (QIT) with subsequentcstru
ture analysis of the organometallic ions By ion



spectroscopy. Furthermore, this set-up allows imvest
gations of the intrinsic reactivity of the in situ formed
analytes via ioamolecule reactions (IMR). To invést
gate the degboxylation reaction of a-ketocarboxylic
acids, which is of central importance for e.g. thiamine
dependent enzyme catalysis with pyruvate decatboxy
ases?we synthesized a charge-tagged phenylglyoxylic
acid derivative As illustrated in Scheme 1, the fixed-
chargeo-ketocarboxylic acid precursor ions are gan
ferred into the gas-phase by electrospray ionization
(ESI) for analysis in a QIT mass spectrométer.

Scheme 1. Gas-phase formation of a hydroxycar-
bene from an a-ketocarboxylic acid precursor in a
QIT at room temperature.
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The molecular ions of oxo[4-(trimethylammonio)-
phenyllacetic acid IfH at m/z 208) and its mono-
deuterated derivativel{D at m/z 209) are selected and
dissociated by collisiad activation. The loss of CO
via CID delivers a pair of isobaric product iorisH,

3-H at m/z 164 from precursdrH, and2-D, 3-D at

m/z 165 from1-D, respectively) in a charge-remote
fragmentation process.Samples of (4-(trimethylam-
monio)benzaldehyde)3{H) and its isotopomeB-D
were also prepared and characterized spectroscopically
as reference data sets for comparison (see Slefor d
tails). For the identification and characterization of
individual isomers in a mixture of isobaric product
ions, i.e. the charge-tagged hydroxycarb@qd and

the respective aldehydgH, and isotopologueg-D

and 3-D, we used infrared ion spectroscdiVave-
length-tunable radiation from a free electron laser
(FEL) and optical parametric oscillator (OPO) laser
sources was used for the irradiation of ions stored in a
spherical QIT mass spectrometeAs the density of
ions stored in a QIT is far too low for direct IR absorp-
tion spectroscopy, the extent of precursor ion depletion
and product ion formation is monitored as the energy
of the photons used for activation is tuned (FEL: from
600 to 1800 ci and OPO: 2500-3700 ¢t In infra-

red ion spectroscopy, the energy of tens to hundreds of
resonantly absorbed photons is turned into vibrational
excitation of all oscillators of the activated ion due to
intramolecular vibrational redistribution (IVR), which
ultimately leads to internal energies where one or more
dissociation pathways become accessible. Infrared ion
spectroscopy combined with a computational analysis
of ion structures has proven to be a powerful analytical
strategy to elucidate ion structurgs.

Il. RESULTS AND DISCUSSION

I1.1 Characterization of hydroxy[4-(trimethylam-
monio)phenyl]carbene (2-H) by infrared ion spec-
troscopy and theory

Decarboxylation ofl-H/1-D can result in bott2-H/2-

D and3-H/3-D product ions (m/z 164/165) which have
been characterized here by infrared ion spectroscopy.
> The infrared ion spectief the isobaric product ions
2-H/3-H at m/z 164(Figure 1 a-¢g)andof 2-D/3-D at

m/z 165(Supplementary Figure 6a and g@sult from

the monitoring of the depletion of the respective-pr
cursor ion and their photo-fragment ions upon IRMPD.
The predominant fragmentation process in all cases is
the loss ofa methyl radical, along with the loss of
C,H4 and CH and combinations of these (see Seppl
mentary Table 3, Sl for details). These results age pr
sented in Fig. 1 in which pane)(displays the infrared
spectrum (black) of product ions isolated at m/z 164
compared to the computed IR spectrum of the singlet
trans-hydroxycarben@:H, (see Supplementary Fig. 3
for comparison of the computed IR spectrum of the
singlet cis-hydroxycarben@;H.). The presence -

H; in the ion population at m/z 164 is immediately
identified by the presence of an OH stretching asbr
tion, .y, at 3553 cnt and a C-O stretch mode.y at
1248 cnt, both matching the calculated bands 2er

H:. In panel ), the experimental (black) and caldula

ed (red) IR spectra of the synthesized aldehy«ie
model compound (4-(trimethylammonio)benzalde-
hyde) are presented, showing an absence of intensity in
the region of 1250 cthand between 3500-3600 ¢m
where the y.4 and ve.o resonances are found for the
hydroxycarben@-H;. As well, the characteristic ald
hyde \-o stretch for3-H above 1700 cihin panel b)
identifies the corresponding band at the same position
in the experimental spectrum in par&), Unaccounted

for the calculated IR spectrum @fH;. This clearly
indicates a mixture a®-H, and3-H in the ion popu-

tion at m/z 164 (see Supplementary Fig. 4 for compar
son with other constitutional isomers and Supplemen-
tary Table 1f A horizontal dashed line in paneb)(
indicates a threshold below which IR resonances are of
insufficient intensity to absorb the required number of
photons to reach the dissociation limit of the molecule,
so that these resonances remain unobserved in the
experimental spectrumwhile this threshold limits the
number of bands observed experimentally for the-ald
hyde species (in both panely) @nd €) of Fig 1.), we

see that this is not the case for the hydroxycarbene
resonances in paned)( where most of even the weak-
est bands still appear in the experimental spectrum.
This apparent lower dissociation threshold of tlye h
droxycarbene&-H; is attributed to isomerization of the
hydroxycarbene to the aldehyde during IR photodisso-
ciation measurements, where the energy released by
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Figure 1. Experimental and calculated infrared spectra. (a) The experimental IR spectrum of the ion population at m/z
164 generated by Goss from1-H (black; see Supplementary TableSBy is compared to the calculated IR spectrum of the
charge-tagged trans-hydroxycarberzeH, (blue). (b) The experimental IR spectrum of the synthesized aldehyde (4-
(trimethylammonio)benzaldehyde) model compound (black; see Supplem&aldey3; Sl) is compared with the calculated
IR spectrum (red) foB-H. (c) The experimental IR spectrum (green) of the remaining iongzat 64 in an isomer-selective
two-colour IR-IR experiment (see€)(inset) is compared to the experimental IR spectrum of reference nachBd. (d)

The experimental IR spectrum of the *CHjz loss product (m/z 149) recorded after isomer-selective photodissociatiyn o
droxycarbene-H; species is compared to the expental IR spectrum of the CID generated *CHjz loss product (m/z 149)
from the3-H model compound. The structures2eifl; and3-H shown in the right of panels)(and p) have been computed
at the dispersion-corrected B3LYP-GD3BJ/cc-pVTZ level of theory. Freipseace scaled by 0.97 (500-2000 %M and

by 0.95 (2800-3800 cr).*®



isomerization assists the system in reaching its dessoci
tion threshold (fewer photons must be absorbed). Pane?

(c) of Fig. 1 presents an isomer-selective IR spectrum B3 .53
(green) of the aldehyd&H component of the ion popu- -l
lation at m/z 164. This spectrum is generated in a novel R w
two-colour IR-IR approach. Here, the ion population at ,‘.’ ,“;‘0,
m/z 164 is first irradiated at 3553 ¢rasing a 10W cw- AU 0 e
OPO source. At this frequency only the hydroxycarbene  *fum Taa3 <
isomer is resonant §y), but the aldehyde is transparent. a% PR R
Hence, we selectively photo-dissociate the hydroxyca aig,fuf:.v «:3,:3 N
bene2-H, ions in the populatiofIn a second step, the o~ 24,
remaining ions at m/z 164, those without @ we®- 44 0.0
nance at 3553 cMm are re-isolated and probed with T T T
tuneable IR light to measure their infrared spectrum. The =L - ‘2% o’ %e ',‘3,',;,." 3
clear match between this isomer-selective IR spectrum =43 ,3° o~ n ¢ | et
and the reference spectrum measured foBthemodel S
compound (black, paneld)and €) of Fig. 1) confirms b
the assignment &&-H as the only additional component
beside®-H; of the ion population at m/z 164. J: T

Panel @) of Fig. 1 presents a secotwio-color IR-IR 222 9 b ,'5 ‘. 4
experiment where the IR spectrum of the photofragment T *a‘.' e’
at m/z 149, generated selectively from the hydroxyca f.‘ ;O ‘8,0,9,0
bene (orange), is presented (see experimental section for : 7o, 00" _—
details). Similar to théwo-color approach in paneb, ‘ ¥ N
hydroxycarbene ions am/z 164 are first selectively £ . 536
photodissociated by irradiation at 3553 tntHowever, e R 25.2 ‘T'(')”'gt
in the second step, rather than re-isolating the remaining Jf 3 aa s
ions at m/z 164, fragment ions at nw® (+CH; loss) are - R4 ‘fo Y A
isolated and probed using tunable IR light to generate . :f 'L;-" ?®
their IR spectrum. The resulting spectrum features a il ]
sharp band at 1700 ¢hmindicative of a ¥-o stretch, ) s
strongly favoring the assignment of an aldehydecstru . L 3 sSQ e  12043
ture and not a hydroxycarbene structure. Additionally, B *t:,,fﬁ* Concton Comrate a?;,ﬁ ,.3" ‘3. ==

the IR spectrum of the *CHj3 loss product (m/z 149) from

the 3-H aldehyde model ComF’O‘%”d was measuredFigure 2. Reaction energy profiles.® (a) Formation of2-
(black) and matches very closely with the m/z 149 frag—Ht from 1-H,, and3-H from 1-H,. (b) Conversion oR-H,
ment generated selectively from the hydroxycarbene.jnig 3-H as well as for the CO-loss reaction fratH,,
Supplementary Fig. 5 (Supporting Information) presentSrespectively. All structures have been calculated at the
calculated spectra for the *CHjs loss product fron2-H:  dispersion-corrected B3LYP-GD3BJ/cc-pVTZ level of
and3-H, clearly demonstrating that the orange spectrumtheory. The red line indicates the corresponding zero-point
in panel () cannot be accounted for by a fragment ion corrected CCSD(T)-F12b energies. Reaction Gibbs free
with a hydroxycarbene structur@-K;), but matches energy profiles are provided in Supplementary Figs. 9 and
well with the calculated IR spectrum of the correspond- 10.

ing, and energetically favored, aldehyde fragmé#).
These observations directly implicate isomerization of
the hydroxycarben2-H;, to the aldehyd8-H, during IR
photodissociation. Our calculations also show that the
energy needed to forH; from 2-H; and to form6-H
from 3-H are 125.8 kJ mdland 220.3 kJ mdl| respe-
tively. These results are in agreement with the higher

Stabi”ty for3-H found in the eXperimem- § We have chosen to focus on single-molecule eventsamerare ther-
To further exp|0re the energetics and pathways for thefore plotting the internal energy. This allows for carigon with the

: : internal energies used for the low temperature (T=1€¥f)eriments of
formation and reactions of the hydroxycarbénét and Schreiner et al.where all molecules will most likely be in a singleaqu

the aldehyde3-H, the zero-point corrected reaction en- tum state? If we were to consider that in the trap the iond él in a
ergy profiles are presented in Figure 2. The correspondthermalized (above room temperature) distribution oweantym states

; ; ; : ; - _ before, during, and after the CID and IRMPD proceé&&8 then the
Ing Glbbs_energy reaction profiles are giverSimpe reaction profiles for the Gibbs energy from the S| agrapriate.
mentary Figs. 9 and 10.

Figure 2 matchks closely to the zero-point corrected
CCSD(T) energies calculated by Schreiner and Allen et




al. for phenylhydroxycarbene in terms of relativerene
gies, multiplicity and transition stafeand demonstrate
that the charge-tag does not significantly influence the
energy profiles fo2-H; and3-H.'” As well, CCSD(T)-
F12b calculations (see Sl for details) &#i;, 3-H and
the barrier between them, as well as on the neuteal an
logues, confirm the validity of the DFT calculations (see
also Supplementary Table 2). Pana) ¢f Fig. 2 fu-
thermore shows thdtH exists as two nearly isoenetge
ic conformers,1-H. (cis) and1-H; (trans), the latter of
which is also found in the crystal structure of [4-
(dimethylamino)phenylJoxoacetic aci®&-@-H, see Sup-
plementary Figs. 11 and 12 for overlays of structures).

The energy profiles in Fig. 2 indicate that the energy
needed to forn2-H; is significantly less than the energy
barrier for forming the aldehyd&H (see Supplenme
tary Table 2)Nevertheless, the aldehyde tautongH)
is formed and experimentally identified as shown in Fig.
1 and discussed above. While the initial formation of the
hydroxycarbene product io?H, from precursor iori-

H; is clearly favored as shown in pane) ©f Fig. 2,
CID experiments do not exclude energetically demand-
ing fragmentation channels, making the direct formation
of the aldehyd@-H possible®®““Finally, the computed
energetics in Fig. 2 show that the formation of the triplet
state of2-H, is thermodynamically unlikely, as its ene
gy lies 53.6 kJ mal above the singlet ground stdte.
Moreover, the process is kinetically inhibited due to the
generally slow singlet to triplet intersystem crossing for
molecules without heavy atoms. In line with this, no
evidence of the hydroxycarbene tripiaH; appears in
the IR spectrum of the ions at m/z 164 (see Supplemen
tary Fig 3). A similar argument holds for CO-loss from
2-H,.

[1.2 Isomerization kinetics of hydroxy[4-(trimethyl-
ammonio)phenyl]carbene (2-H/2-D) measured by
isomer-selective infrared ion spectroscopy
Prior to the analysis of the isomerization kinetics, the
deuterated isotopologueD was decarboxylated upon
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Figure 3. Time-dependent IRMPD measurements of
deuterated and non-deuterated m/z 164/165 ions. Hy-
droxycarbene-selective photodissociation yields were
measured at 1300 ¢hwhere hydroxycarbene species are
resonant and give fragmentation, and aldehyde species are

2

CID and the resulting product ions at m/z 165 were sub+ransparent and not detectd®lack squares represent the

jected to IR ion spectroscopy. The respective IRcspe

normalized precursor ion signal and blue circles represent

trum is in convincing agreement with the computed onethe sum of the normalized fragment signals, which are

of 2-D, but also delivers evidence for the concomitant
presence of the aldehyde tautorBdd on the basis of
the clearly detected carbonyl stretching mode (see Sup:
plementary Figure 6, Sl).

To investigate the time-dependence of the isoraeriz
tion of the hydroxycarbenezH; and2-D, to their e-
spective aldehyde8-H and 3-D, IR photodissociation

shown in Supplementary Table 3 (IR yiel@jree mes-
urements were taken at each delay time (open symbols) and
are averaged (closed symbols).

photofragment signal vs. the normalized precursor ion
signal as a function of the delay. Using a wavelength of
1300 cnt, where2-H, and2-D; are both resonant, while

experiments were completed placing a delay (0-20 s)cold 3-H and3-D are transparent (see Fig. 1 and Sup-

between generation of m/z 164/165 by CID and probing
by IR photodissociation. Fig. 3 displays the normalized

plementary Fig. 6), the isomerization of the hydroxyca
bene species to aldehyde can be inferred from a decrea
ing photofragment signal with increasing delay. Panel
(a) of Fig. 3 shows that the maximum fragment iagt si
nal from m/z 164 is indeed observed at t=0 s and has



almost completely decayed after 20 s, indicating a loss Based on the large KIE observed for the gas-phase
of resonance at 1300 ¢ndue to isomerization to the isomerization reaction d*-H; to 3-H, we conclude that
transparent aldehyde species. Conversely, under théhe 1,2-H shift reaction of the hydroxycarbeReH,
same conditions, m/z 165 shows essentially no decay irprobed at temperatures above RT can dominantly be
fragmentation signal over the full range of 20 s, indica attributed to hydrogen tunnelifg? It shall finally be

ing that no isomerization takes place and m/z ¥65 r mentioned that studies of GrorféandO’Hair®® suggest
mains resonant with photons at 1300'cm that ions stored in spherical QITs at RT at a He pressure

Together with the identification of the aldehysi¢d ~ ©Of about~10° mbar, are quickly (in milisecondS)and
structure (see Fig. 1, above) as the minor component offfectively cooled by numerous collisions with the He
the ion population at m/z 164 (see Fig. 3a at Os), thes@uffer gas, and ultimately thermalize to an_effective
results show that the decay H, is accompanied by temperature of about 320-350'K:"*"At a Ter of 350 K
the progressive formation of aldehy@eH. This isan- thermal isomerization is V|rtually_|mp033|ble farH;,
erization reaction of-H to 3-H and the absence of the due to the substantial energy barrier of aboutkI@ol
corresponding isomerization @¢D; to 3-D represents a - Providing further support for the assumption that the
direct observation of hydrogen tunneling at room-te  Observed isomerization of hydroxycarbeheél; to 3-H

perature and above. proceeds via hydrogen tunneling.
Reaction mechanisms that do not involve tunneling
imply small primary kinetic isotope effects (KIEs) for [l1l. Conclusions

reactions where th_e hydrogen transfer proceeds Via dn summary, we present the first spectroscopic evidence

non-I.lne.ar TS, a criterion that clearly.applles to thg 1,2-5or hydrogen tunneling at temperatures above 300K

H-shift in 2-H,, as Scheme 1 and Figs. 2 and 3sillu ysingtwo-color tautomer selective vibrational spestro

trate”” In contrast, large primary klnetlc_lsot_op_e effects copy of gaseous, isolated molecular ions. A charge-

(KIEwp = ky / ko) are found when tunneling is involved agged phenylhydroxycarbene was generated fgy th

(KIE > 6.4 at 300 K)~"“"and competitive reactionds  gecarboxylation of oxo[4-(trimethylammonio)phenyl]-

tope effects can be exclud&d. acetic acid in an ion trap mass spectrometer and its
Isomerization of hydroxycarberzH; to aldehyde3- structure and reactivity probed by infrared ion speetro

H occurs with ajf, of approximately 10 s. In the case of copy using an infrared free electron laser (FELIX) in

the 1,2-H-shift in2-H,, k is close to zero as the dedte  combination with quantum chemical modellifigThe

ated hydroxycarben®2-D; does not appreciably isome  hydroxycarbene undergoes 1,2-H-shift to its correspond-

ize over the time frame of the experiments (20 s)i- ind ing aldehyde, which can be clearly distinguished by

cating a major primary KIE. A quantitative analysis of isomer-selective two-color infrared-infrared depletion

the data is presented in Supplementary Figs. 7 and 8 anexperiments. The deuterated carbene analogue shows

suggess a KIE > 20. If 2-H; were to isomerize t8-H negligible 1,2-D-shift reactivity, providing clear iev

without involving tunneling, the Eyring equation shows dence that the hydrogen atom rearrangement proceeds

that the KIE should be approximately 1.2 at 298 K basedvia tunneling. This observation is the first spectroscopic

on the calculated Gibbs free energies of activatior2for confirmation of hydrogen tunneling at non-cryogenic

H; and 2-D;. We note that the substantially shorter half- temperatureand provides a firm basis for the interpret

life of about 9.5 + 0.3 s in our experiments above roomtion of tunneling-controlled processes such as enzymatic

temperature (see Supplementary Figure 7, SI%, compareceactivity’ and organocatalysfé?° Additionally, these

to 2.5 h at 11 K determined by Schreiner et?lfor results open up new avenues for further investigation of

phenylhydroxycarbene, suggests a reduced effectivehe intrinsic reactivity of hydroxycarbenes at roomm+e

barrier width for the isomerization. This must be due to perature in ion trap mass spectrometers via ion molecule

the elevated temperature, given that the computedé barr reactions:>*

ers for the neutral phenylhydroxycarbene and the charge

tagged derivative investigated here are similar. Tee el ExpERIMENTAL SECTION

vated temperature (and associated vibrational excitation)

means that the height of the barrier is smaller relative toMass spectrometry

the internal energy of the molecule and that the barrier is

narrower (see Supplementary Fig.).3In additon, ~ The compoundd-H, 1-D, 3-H and 3-D were freshly

lower-energy vibrational modes will be more extemsiv  Synthesized for this study (see Supporting Information

ly populated in our experiment compared to the one byfor detalls) a_nd _characterlzed by positive ion mode-ele

Schreiner. Taken together, this may lead to a lowei-barr fospray ionization mass spectrometry ((+)ES|'|\%_\B§)-

er due to geometric and/or electronic changes in thécompounds-H and3-H were dissolved (c ~ 10M) in

molecule, whereby the anharmonicity of those low- CH:OH, compounds1-D, 3-D were analyzed in

energy vibrations is likely to play a role as well. CD5OD/CH;OH. All (+)ESI-MS and MS experiments
as well as accurate ion mass measurements were co

ducted on an LTQ-Orbitrap XL instrument (The



moFisher, Bremen Germany); see Supplemenfgy 164 (mixture of carbeng-H and aldehyde-H of un-
ures 1 and 2. Product ion spectra were acquired in th&nown ratio) froml-H and analogously at m/z 165 from
linear ion trap (LTQ) part of the LTQ-Orbitrap instr  1-D. 3) Variable delay of 0 to 20 s. 4) IRMPD at 1300
ment by CID with the He bath gas presént(2 x 10° cm ' of m/z 164 or m/z 165 ions for 1 s. 11 Data points
Torr) and the product ions were analyzed in the orbitrap(each an average of four mass spectra) were triplgmea
(see Supplementary Figure 2). Accurate ion masses werared for these time-dependent measurements by sicrea
determined in the orbitrap analyser with a resolution ofing the delay in steps of 2 s. The dissociation yield
30000 FWHM with external calibration (Am < 3 ppm) (normalized total fragment ion intensity = IR yield) for
or with addition of internal standardarh < 2 ppm). the non-deuterated species decreases from appreximat
Typical (+)ESI-MS conditions: Flow rate: gL min *; ly 0.6 at t = 0 s, to approximately 0.14 at t = 20 s. For
Capillary voltage: 3.20 kV; Sheath gas: 4.99 [arb. units]; the deuterated species, the IR yield is nearly constant
Aux gas: 2.00 [arb. units]; Resolution: 30000 FWHM.  over the full range of delay times. We note that tHe di

) ference in the dissociation yields between the non-
Infrared ion spectroscopy deuterated/deuterated species at 1300 imtheir te-

A modified spherical 3D quadrupole ion trap mascspe spective IR spectra corresponds closely to the difference

trometer (Bruker, Amazon Speed ETD) was used for themt )fg!)dos mﬁiﬂfkiseaﬁ Zt;i;g%;&hfos'tshseo?r'ggggnygd
infrared ion spectroscopy experiments and has beerﬂvz 164 ions being in the carbene isomeric formmco
described in detail elsewhereThe 3D quadrupole ion . N Ig train Fia. 1 d1b

trap was operated at ambient temperatur820 K) pare experimental spectra in F19. La an )

with a He pressure in the trap 6fL0°° mbar to assure Two color IR-IR isomer selective infrared ion spestro
optimal performancee(g. effective collisional cooling copy

signal to noise ratio, sensitivity et¢®)Tunable radiation

for the photodissociation experiments was generated byl Ne first laser set at a fixed frequency dissociates all
the Free Electron Laser for Infrared eXperiments IONS resonant at that selected frequency, here 3553 cm
(FEL|X)13’15’16 in the 600— 1800 cm!' range and a A 10 W cw-OPO (Argos 2400 BB) was used as the

pulsed OPO (LaserVision, USA) source in the 2800 “burn”-laser. A second, tunable laser is then used to
3700 cm' range both operating at a repetition frequency "ecord the IR spectrum of the remaining ions (those that
of 10 Hz. Pulse energies were approximately B0 mJ  Were transparent to the frequency of the first laser), in an
per 5us long macropulse for the FEL and 1®0 mJ ~ @nalogous manner as the single laser experimests d

per 5 ns long pulse for the OPO. The full width at half SCribed above. Specifically, CID product ions at m/z 164

maximum bandwidth of the FEL is approximately 0.4% (unknown mixture of carben2-H, and aldehyde-H)

of the central wavelength and 3 ¢nfor the OPO. Rs-  Were generated from the m/z 208 precursor ion. We note
cursor ions were formed by electrospray ionization fromthat after decarboxylation, the ions are collisionally

solutions of 0.5 UM in methanol at a flow rate of 120 ~ cooled befat IR irradiation (10’s of ms separation be-
hr''. lons were irradiated for 1 s, corresponding torinte tween these st_ep’sB}. After isolation of m/z 164, the
action with 10 laser pulses. The IR spectra were coniOnS were irradiated for 40 ms with the output from the

structed from a series of mass spectra recorded with théW-OPO tuned to the carbene OH stretch at 3553,cm
laser scanning over the frequency range from 600 which depletes all ions in the trap absorbing at thes fr
1800 cm', monitoring the intensity of the IR-induced 9uéncy, i-e. having a hydroxycarbene structure. The
product ions (primarily methyl radical loss) and the aldehyde3-H isomer has no resonances near thés fr
depletion of the precursor ion as a function of IR-fr quency and remains unaffected. After 40 ms, further
quency. Unimolecular dissociation results from the ab-depletion of the m/z 164 signal was not observed: ind
sorption of multiple IR photons (IRMPD). The IR yield €ating that all hydroxycarb.ene ions were removed from
(Zlfragment iond laiiond Was determined after laser irradi the population. The remaining ions at m{z 164 (those
tion at each frequency and was linearly corrected fortransparent at 3553 cf were again mass-isolated and
frequency-dependent variations in laser power. A grating?€ld in the trap for 1 s while being irradiated by the
spectrometer (wavemeter) was used to calibrate the apFEL, which was tuned poirity-point over the 800-

solute frequency of the FEL (OPO). 1800 cm!' region. Thus, an isomer-selective IR spe
trum was obtained.

Time-dependent measurements of the isomerizaen r A two-color IR-IR approach was also used to sele

action by selective IR photodissociation tively measure the IR spectrum of the fragmentation
roduct of the hydroxycarben2H; species resulting
om ‘CHz loss (m/z 149). As described in the IR-IR
scheme above, CID product ions at m/z 164 (mixture of
carbene?2-H, and aldehyd&-H) were isolated and &
diated at 3553 cm by the cw-OPO. This selectively
induces dissociation of the carbene species, but not of

Four steps were used for these experiments: 1) Isola‘[ionﬁ)r
and CID fragmentation of the precursor ions at m/z 208
(1-H) and m/z 209 ¥-D), respectively, to induce GO
loss and product ion formation at m/z 164 or 165, r
spectively. 2) Isolation of the CID product ions at m/z
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